Autofluorescence as a Tool for Structural Analysis of Biofilms Formed by Nonpigmented Rapidly Growing Mycobacteria
The structure of biofilms formed by seven nonpigmented rapidly growing mycobacteria, including saprophytes and opportunistic species, was analyzed. Analysis included amount of covered surface, thickness, cell viability, and presence of intrinsic autofluorescence at different times using confocal laser scanning microscopy and image analysis. Autofluorescence was detected inside and outside cells of all mycobacteria.
I
t is known that bacteria grow in nature by forming structured and specialized communities of organisms embedded in a matrix of extrapolymeric substance known as a biofilm (1) . Biofilms are also considered to be an important pathogenic factor for many diseases, especially implant-related infections (2) .
Nonpigmented rapidly growing mycobacteria (NPRGM) (3) are usually considered contaminants or colonizers, although in some patients they are the true cause of the disease (4, 5) . The source of human infection is usually the environment (6), with drinking water distribution systems and hospital and household plumbing being the mainly reported sources (4, 7) . Findings of recent studies suggest that the biofilm-developing capacity is a property related to the involvement of these bacteria in human pathogenicity (8) and in antimicrobial resistance (9, 10) . In a previous report, we observed that NPRGM were able to form biofilms in vitro (5), with differences regarding the importance of biofilms in the pathogenesis of human diseases (11) . Other studies have also shown differences among strains within the same species (12). Moreover, there are studies that relate the ability to form biofilms with the presence of cording or rough colonies in the tested strains (12) (13) (14) .
Intrinsic autofluorescence, including the presence of autofluorescence in the cyan range in Mycobacterium species (16) , is a characteristic that has been found previously in several microorganisms (15) . In this study, we aimed to analyze the structure of mycobacterial biofilms, with a special focus on detection of autofluorescence.
The strains used were Mycobacterium abscessus DSM 44196, Mycobacterium chelonae ATCC 19235, Mycobacterium fortuitum ATCC 6841, Mycobacterium mageritense ATCC 700351, Mycobacterium mucogenicum DSM 44124, Mycobacterium peregrinum ATCC 14467, and Mycobacterium smegmatis ATCC 607.
Biofilm development was analyzed at 24, 48, 72, and 96 h using hydrophobic uncoated sterile slide 2-by 4-well plates (ibidy GmbH, Martinsried, Germany), as follows.
Mycobacterial colonies were resuspended in sterile phosphatebuffered saline solution (PBS) to achieve a cell density of 1.5 ϫ 10 8 CFU/ml. Three hundred microliters of this suspension was inoculated on each well. Inoculated slides were incubated at 37°C in a 5% CO 2 atmosphere for 30 min. The suspension was then removed, and the wells were washed once with PBS. Three hundred microliters of Middlebrook 7H9 broth was then added to each well, and the slides were placed on an orbital shaker (80 rpm) and incubated at 37°C in normal atmosphere for 4 days. Slides were examined, and the medium was changed daily. All the experiments were performed in triplicate for each strain.
The slide wells were stained using Live/Dead BackLight stain (Invitrogen, Eugene, OR) and Nile Red stain (Sigma-Aldrich Co., St. Louis, MO). Stains were performed according to the instructions provided by the manufacturer. More specifically, Live/Dead BackLight staining was carried out as follows. A working solution was prepared using the L7012 kit reagents. Three microliters of component A and 3 l of component B were mixed with 1 ml of sterile distilled water. The solution was mixed thoroughly, and 25 l of working solution was added to each well, followed by incubation for 15 min in the dark, and then the stain was removed and the well was washed with sterile distilled water. After staining, plates were analyzed using a Leica DM IRB confocal laser-scanning microscope (Leica, Germany).
One set of wells was used per NPRGM species to study both autofluorescence and Nile Red stain, and the other was used to analyze the proportion of live and dead mycobacteria. All materials managed in the experiments emitted no autofluorescence.
The covered surface was studied by taking 24 microphotographs for each stain, bacterium, and time set. Photographs were analyzed as previously described (5) . The thickness of the biofilm was measured in eight predefined points/well.
Linear mixed-effects models were used to evaluate the effect of testing time and species on autofluorescence. This variable was analyzed as the percentage of fluorescence related to the number of bacterial cells detected with the Nile Red stain using the following formulation: (% autofluorescence of covered surface/% Nile Red covered surface) ϫ 100. Time was treated as a continuous variable, and species was treated as a nominal factor. For interspecies comparisons, M. abscessus was taken as a reference category. Fitted models included fixed effects for species and time, random intercepts, and slopes. Statistical significance for fixed effects was assessed by using the analysis of variance (ANOVA) F-test. Statistical analysis was performed by using the NLME software package implemented in the R environment (17) . Figure 1A shows Analysis of variance indicated that time and species affected the variability of the thickness between the different experiments (P values from ANOVA were Յ0.0001 for both factors). All the strains increased their thickness throughout the incubation time. The fixed slope for time is estimated to be 0.14, i.e., for each additional hour, we observed an average increase in thickness of 0.14. Estimated coefficients for species were all positive, indicating that mean thickness was lower in M. abscessus than in the rest of the species. Figure 1B shows the mean percentages of covered surface. Observed P values from ANOVA F tests were less than 0.0001 for species. Fixed effects indicate that the mean percentage of covered surface for M. chelonae was lower than that for M. abscessus and higher than those for M. fortuitum and M. mageritense. Time was not an important factor to explain the changes in the covered surface (P ϭ 0.7568) according to this model. Figure 1C shows the mean percentages of dead bacteria inside the biofilms. Most mycobacteria were alive during the development of the biofilm. Interestingly, a high percentage of dead cells was detected among all mycobacterial strains 24 h after inoculation. We have no explanation for this phenomenon, but stress at the beginning of the experiment or the period of adaptation required to form cell clusters that mature and detach to colonize other surfaces could be potential causes of cell defeat.
The analysis showed that time was an important factor in the viability of bacteria (P ϭ 0.0002). However, the species involved did not have impact on this parameter (P ϭ 0.6314). The fixed slope for time indicates an average reduction of 0.15 in the percentage of deaths for each additional hour.
ANOVA revealed that both time (P ϭ 0.1618) and species (P ϭ 0.3563) were not significant factors to explain the differences found in the autofluorescence measured in the biofilms. The large standard deviation of random error for this model is remarkable. As expected, there is a concordance between the Nile Red-stained bacteria and autofluorescent ones (see Fig. S1 in the supplemental material). Interestingly, we have detected autofluorescence signal outside the bacterial cells in some species with irregular distribution inside the biofilm (see Fig. S1 and S2) . M. abscessus, M. mageritense, M. mucogenicum, and M. smegmatis showed this phenomenon after 24 h of incubation, while M. chelonae, M. peregrinum, and M. fortuitum showed autofluorescence after 24 and 48 h.
We found that M. chelonae expanded by forming biofilm that grows vertically, while M. fortuitum and other species covered the entire surface with a lesser thickness (see Fig. S2 in the supplemental material). We also observed extensive cording in the cases of M. abscessus and M. chelonae. Williams et al. (12) showed that cording is associated with the pathogenicity of the strains. In our experiment, this property was detected in M. chelonae and M. abscessus, both considered the most pathogenic species of this group (18) .
Autofluorescence has been found in different mycobacterial species (16, 19) . It has been hypothesized that coenzyme F 420 is involved in autofluorescence of mycobacteria (16) . According to our results, this molecule must be secreted by the bacterial components of the biofilm and can be detected in the extracellular matrix using autofluorescence. Another hypothesis could be that coenzyme F 420 is released after cell death during biofilm formation. Finally, the preferential detection of extracellular autofluorescence when biofilm formation starts could suggest that autofluorescence could be due to an unknown quorum-sensing factor. This knowledge would help to clarify the involvement of biofilm formation in the infectious capacity of these bacteria.
